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Abstract. fa mobile robot research we believe the structure of the platform, its capohil- 
dies, the choice of sensors, their capabilities and the choice of processors, both onboard 
ami <>Hhoard, gre^Hv <on-s talus tin* direction of research activity </*>no<r*'d on fh*> piatfonn. 
We examine the design and tradeoffs in a low cost mobile plat form we have built while 
peviee, -■ &?i<inl aMs-nthm to i-sne- of siTi-drs^. iu<'ir$ipubd i< >ci« onboard pr<><\>v-<h*e. reel d<'bii^ 
gabiliiv of the h>ial '-o->teeo l'h<> roh<?L nam^l Herbert, i- a rompb'lHv diHoisoijioit^ ?n<>b$b> 
ofb<e with an «»hh**ard parallel }>r< *<■<"> -.or and -op^nal hardware :ofppor? for i re- ■od;^;oop?h>n 
ar< ho*'-nnr»> Brooks (1'fSei .. ar; ofd?oard manipulator and a luo^r racsg*- -.renre-r All pro- 
cessors are simple low speed 8- bit micro-processors. The robot is capable of real time three 
<\\ii\i'}\-\i>n;%\ vi-'insi. wlith- sbnuhau'-ou-lv **an'v'm?4 out uumipeUtof and jiav]gute>n ta?k--> 



Aekssowledgiincyi-S. Ih^f-por? -h -->--' re ><»-- r*">*'.arHi *** *?«*- u* Hs<- \rt'fi<i;d I f st«--Iiitr*- 1 i*-#- !-,i!*- 
ofal«*fV of th<- \Iassnehu:-o'U;> In--Utijh> *>f !Whnohs&v, Supper? for i he FVM-arrb j- pr«>*Hl«-d hi 
pari hv Lb*' i e.:vr«rsit> K^^ehfi-h lad ho h*> umbo- Oilier of Xaval fro^arcb et>ntr«K-t \po{Ml 
He K OoK";, us par? be a £raef fecen 1 lie Svst*-m<* l,u-oo|opneeo foueduhoe- atni io pert hv 
Mh> Advanced Research Projects Agency under Office of Neva,! Kv^ee.rrh contract NOOOM 
*r» K 0124. 
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Herbert the Robot 




Figure I. The robot Herbert, skowi?i£ fbree wheeled base, 24 processors, laser ii.s*ht striper and 
arro.. 



We have built a completely auto 0.0 rnous mobile, robot* named Herbert, for indoor use, 
based on the design presented in \ Brooks, (Jonueil and. hlynn U.!)8bfL The robot is pictured 
In figure I. All Its subsystems are now operational and it lias successfully carried, oat 
navigation.,, recognition and mauipulalion tasks, 

The major innovations In its design have beau. an. onboard loosely coupled parallel pro- 
cessor, a lightweight manipulator and a simple hot robust laser depth scanner. This paper 
gives an. overview of some design optinu 2at.10.ns useful for building a small Indoor mobile 
robot for experimental use. The theme of the design has always been simplicity and relia- 
bility at the local level, with. high, global performance being produced by careful integration 
of such components. 



2* Hardware Implementation of the Snbsmo.pt ion Arc lilt e?ci ore 



The suhsumptton architecture [Brooks { "1 0S6 ) | Is based on loosely coupled networks of finite 
state machines. Each individual machine cat? have some timers (clocks that signal an event 
alter some prespeeified amount of time) and cars, access a liiuil-ed. computation ermine to do 
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li^i-n- 2. Po^v^va- ar*- lhi<w!b CMOS *i.*0(h rota :u<'lh;k>d <■ v.\ i\\<> vi>ht\ui-;<it oaJ»i* ,4 >. txhh^whihiQ 



sunpie arithmetic and. geometric computations, .these hnite state machines are connected 
by low h/!f$'i>%i<J5 h wir* - *- m«t %hbh m^sa^o*- '-'O; b*' <-f?u, 

!:. >>ssri,;-! mfd'-m^tuto <^s *<M hi- -\ih- m>i> 'fh ,>r- ;m*<» ■■ m< /. < *« < *j j < oj,;« idioh-d hrj- 
proeessor to simulate a parallel, taacblne where each simulated processor was precisely one 
finite state machine. 'This sbnniation. was stiitrclent to successfully demonstrate the funda- 
mental utility of the suhsinnption architecture, but It suffered from a mun.her of drawbacks, 

$ I he Implementation did not demonstrate the lack of central control and data that Is 
inherent in the subsurnption architecture. With, the existence of the centra! processor 
and shared memory it required faith. on !;!ie part of the observer to believe that tliere 
u>,t\\\ -xii- an ?:<-<-<{ b>r ~,hmbj« m • /UiTrom/ntmn. [In fact it turns out that hi the 
1 ;}>*'?<}, i>'i*i '•'< \nyfti'ti tu Hf'ftd\- *\'}*i>; t\fii v>,{ , 'deb i-Ma't**' < ?j ?h*' "-enm-'O ion 
>au; t- ■ u\f > h'-.i i-ui U>t um*- -.virtue. In later ko.f>lemeB.ti.ons the particular networks we 
used there had. to be modified slightly,) 

# The computer used lor simulation, was too large to mount onboard the robot so we 
needed to run it at all tinms with either a cable or a radio II ok, The former was not 
very satisfactory operationally and the latter was not very reliable. Both introduced 
consider able latency Into the system. 

« The imp lenient at ion was not indefinitely extensible; we soon rao. into performance con- 
straints when we added the simulation of more and more finite state machines on a single 
processor. As we increased the capabilities of the robot it started, to iniss its real-time 
performance goals, 

Our new implementation sec cess fully overcomes ail these d raw hacks. 

figure 2 shows a Hose lip of part of the hoplemeniahon, \\'e implement the sub sumption 
<cr<'hh«>t * :;r<> on 'i < % <>U^i'it<t-i f <*!' : ohiodmd -!/<■ I <»! <*nsai! v hit ?i sier- jpr «»'<■-- <»rs { Hit acht ti'.U} Is, 
^isl< f: ;<r«> ,'i CMOS inud- r jj*»?h »i ? m »?i of * h" umsO ,o< bio-'-hsr*' ). I h<- mT- ->h<'ir*'d r*--ouree for 
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Idgute $. K'H it ot so i u \<tt,> - t,\ i>'> iid i , A - ,' n^nCj Vyjf $> ti- *'* ii> f t <t <> >t}„T 1 K \ f axs. uaesed 



the processors is power. There is no global clock, no shared memory, no shared backplane, 
arid no global eoninnodcation. network, 

bach standard board, las pictured in. figure 3) includes a processor and a suppression 
node. The processor has 128 bytes of onboard E-A.M, and. accepts an 8K byte piggy -back 
fJ'KO\L hnl.ve f in j'3 bsO i>\ KA v] b^ h*--* u -ub;cnun b*r oso '-pjd <,sr;ou . '* ■* .*.- a 
safety measare there is a socket for an. extra 2K bytes of RAM. The processor and support 
chips ate all CMOS low power eonsoorption is critical for an autonomous mobile robot. 

The processor chip ha- a \.tv<>*- ?oufdn>r of r* <-<mhgnrvth[e (oo-aln-l p^r- 1 *H - . We use 
a number of these together with soil ware running on the processor to implement serial 
in' - i*i i*-- o, '\<t j(",<f- 4 f i , '*j. | ,i./ h |Mo***-~or I ,j fh;<'* snpu5 •>* '~^d lines, and three 
output: serial lines. Each, serial doe has two signals; a control line and a data line, .A failing 
control signal specifies that a 24 bit data message is ahoot to he delivered on the data line- 
As ' ''' r«' s no u'bfb/d - o* \ < bo \ ( i*- .'up 14 - ^r* *dl H*-* l-onj* M on-' are sent, and 
length of each of them specifies whether each, of the 24 bits is a or a K The clocks of the 
sending and receiving cards tmed only he within 20% of a cotnxnoa treenieney lor this scheme 
to work. I'fie software on the processors polls the parallel port bits ev^ry half millisecond 
to handle the serialisation. Worst case transmission speed is roughly 280 hand (about .1.2 
packets per second), 

'There are two additional special input lines on each. card. One is a reset line; any 
message arriring on this line will reset the processor to the power- up state. The other 
is ao inhibit line: a message arriving on fho !ir$«- inhdod;- <>mput messages on the first of 
the carchs three output lines tor a peer-specified time period. The time period is controlled 
by a potentiometer on the card and ran range from fractions of a second to hundreds of 
seconds, For both these special Inputs the data line Is actually ignored: only, the control 
I it t t i >> >o t >e ' - r* >i u «'(»><< };> t I ? *■ - oti * , < U card, as described above, can all 
cb'bx." <*.$; uU>"4> in,- ,,«>>'> o* t h' p»-f* '•< 



£e?hert the Hobo! 




Figure 4. ^<>t>u< |*f**< <'-,-<;? h'f.'od* r*-|>!a* <- *h* - ! spp?*'v.*<<u n->*i*- vs. i* h an *>-bjS p„ndM f«>n for 

com.miud«Olon£ with I/O devkcs. 



Originally we planned, to have each individual processor snnulate precisely one finite state 
machine. We later realised that was rather wasteful and now have each of them simulate 

* ait U',u"<UA Ui?t'> a\ 'at*-*. tt,v* a-* i\\ui to '>nM »**% * na*' *a<** iutu '»ii$**-. , un ; <os^ 

* i:»n>. ji' Hi*- r«»*>«»t - {,*'»,*i»-!«J*' -. w*< t-tk" ^n»«*h"f pf»<« -»»r b'*ar*l fio;it -a^'k r:,*»».n* ** ->*> 
t\.*- *.t\t.A i\u:ut\ ''iisW'St $* to {$'>w*-r aud asm* is iui<tlh*- n*-* A*»rk «H *h»- eppiopsh-o pl^-\ 
In ! l i- vm*. %>• s««-'. *'t *s r*-***b ' h*' n <s! t,/n*- ^o-d/dih' - of < <\-iw« inn*-* -t;ji<* machines or 
a ro c es s t >t s , 

Bach, processor hoard has some additional, space. On standard boards this space is 

( < | t d - t < tj > <s *. ui < t * tt <,'*.+ * \ 'hi ' h > 5* * h>w - f "- j.« d S' * * o ^ d< 

i'i< <-$M[>-«i of ^sc> ! h«'r m< dni«- for ,« pr^ ^p> nh* d ,Ufs<*\af of time- The time constant can 
he adjusted by a potentiometer on the board. 

On a small ao.io.her of cards the suppressor node h not present, Rather, as shown in. figure 
4 there is an 8-hlt parallel port. These ports ace needed to eounomueate with, input/ output 
devices, such, m the locomotion servo computer, the manipulator analog servo card, the 
'.*\-n\. t - \>i-t/iu.s ' -*'it <sr*U.\*i ';>m\,'a'a>\ h*- b***'i -fintwi \n'jr**-~ir-'j *:&*'•„. Addds"h<dh 
we have one processor card which uses this hoard space to hoase a Ij Aft I and an lih-la2 
-« n/il In*' -ttiU.it a dno/n<>o'v o-radnai * <at i**- fiUt»***>d iM** *h<- r«*b«*s . 

Lasl'lv there is a special class of processor cards, called Line Oriented Vision Processors 
or LOYPs* pictured In figure 5 that are used to support the processing of depth, images 



$» Effectors 



Herbert has two effectors; a drive mechanism and a manipulator 
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Figure 5. A Third type of processor board, To? Liae Orieated Vision Processor- Isas the s&me 
iifn-ti>\it*;fi">«'? )>n< iw'l'i^f"' -i hit'Ai -\'*t-i{ /K b\ u- l<A n »! Th<- '»<*:tr>K fan b<- L'skfl ns ^ »r<'«' to 



unve mechamxm 

The drive mechanism, of the robot was purchased from Ileal World Inter lace and is identical 
to the drive mechanism of Aden, osh: earlier robot i Brooks (1986):, The base cornes with a 
servo computer and its own set of lead-acid gel cells for power. Physically, the base is 1.8 
inches in diameter and <oamh <ibmO 12 inches tail. There are three wheels which always 
point m the same direction, as does the top plate of the robot base. The orientation of these 
Is <.*m$r<AU'f\ hv a ' Tdr 'Inwi « <'has ' n- ! v- ibo-*- a }$*'•'*' *uc ad pou*u* d m h T*sH* dm* 
motor, again through a chain drive mechanism. The robot is thus able to tore, in place and, 
as !' T>c , **!* *?c ^ Vv* * ,i < * «!**-* '< |i i-f 'I - f, i ">\i ',)]&' e al->Mn: n •> lb* ^ * * '.i; !i r 
and manipulator always face in the forward, direction of motion, of the robot. 

The upper part of the robot, which we built, is powered by 16 silver- sine ceiis. These 
have an extreme! y high power density and power the parallel processor < the laser scanner, 
the infra-red proximity sensors and live manipulator* The total power consumption of the 
robot is about 1.011 watts. These batteries let the robot operate for approximately one boor, 

Munmuialm 



To allow Herbert to do more than wander around, passively we: cfoc.icj.cd to include an arm 
onboard* There were two choices: place a cormoercial arm onboard or build one ourselves. 
We decided that a commercial arm. was not a viable option, because ail such, anus were 
either too heavy or. not did not have a workspace that extended, much over the side of the 
:'\\<-s Vw- v>'om'd ■% Tdov, >'»"b* ; rm v, oh a. large workspace. We deckled that the arm. 
should be capable of pick and place operations both at ground level and at table- top leveb 



RwbfTi the Robot 




Figure li. The onboard etanipniatos? has a long reach, and ears, pick and place objects at both 



I f <:,n \i eh,'- 'In-, 't'U.''i Vi ' f - \i'i ini\y l '*>'> - {<><??>>* ■, *>t U*-t dmo pin- ■ p,o'dl' 1 joa j* s *l fti i 
>\ h i \ i «l , <o * ; *>r **> , „ s'f * f O> },> \- Y*>r u ,4 I h* „>r pp i <*n m< w> j .s s « '* * oh > *> 
which, runs through the renter of notation of the robot base. Tims by rotating the base we 
* >i \i o> r! a H* f < i* * in" 1 ;' rs if shf < f ri|J,'!<f 1 *<> gs: m ;<>' < ess h* sao * d ?<< .ill ****** f -, 
in a workspace which is 40 Laches high by 18 incites deep. 

h;o~h j*>iiii < plus the grip per, U drsveii by a Hgfd weight DC geralmad motor. These motors 
\>t ? s>*,,'f *P '>/ \n -v *-f! f'iJK whi' 'i i<-> hs; Hot in <*$*<*<*"<*' I bv , ( < Less *J n^ f> , V 1 1 1 * * - n -^ Is " J m •* '*><<. -> 
the ami to carry a payload of op to 2 pounds, it means the arm moves fairly slowly; foil 
down to mil up takes aboo.t tl seconds at top speed.. 

Bolted to the skie of the arm are three identical analog position servos; one fox each of the 
' \< > * a i > * ei A o v he *V* /Hf>f«*u I h*>< r ac '/*''<'*" * * - s >- oofn ms ei hi^Um* 
processor through ao. 8-bit parallel port. The processor can read the joint angles ami the 

"^f '* M« <' i r \ , iiXi-^a ruA-iti <■ ux V y < <>'j *m ' <> > aom*r '$ vha^ M'j <'*• 
this command over time to generate a desired: position. This setup allows as to control the 
posiiii.e.;. of the arm io a resolution better than the John angle encoders and also gives us 
good control of the ktstaafaneons velocity of the gnpper, 

4* Sensors 



Allen, our earlier robot (Brooks (1986 )h mlhni on. sonar as Its primary sensor, For Herbert 
we primarily ase two types of sensors: infrared proximity sensors lor local obstacle detection 
>>$' ''fi'.nu a» * *t >s^m U u>t 9 A<a i i ' Ti'i \a \'H >/f * a<^ oh i* * t^'i'in ion. There 
is ,'il^* *• >|:'-S'-rol p«"'oj!i/ed ■* n*><it>~ «$?s He< h<usd is -< If, 



Herbert the Robot 




Figure 7. The infra-red proximity sensors provide a very coarse depth estimate. In practice we 
^simply use them to determine the presence of nearby objects. 



Prox imlly Se n mrs 

The Infrared proximity sensors pictured in figure 7 return intensity based depth estimates, 

\\i *'\\\u,i\ <tii\\ fvo lit ■ s>\ hfio'lii'tiUsii li'slti CifH -i'Uvif, \\f hii\f e-U-,hh4tMJ esopo'oajb 
Hs.'st $ ho v- --utlU h \v ,:((isf;»i bjf ■ iospb 1 <-<\i i\>\Af .iv<>\*\'\Wi' U,»sin ueoh$;4aud ■>*«'!* i«>?mr\ 
obstacles), 

'The roajor advantage of infrared pmmrti ty sensors over sonar Is the fast respoo.se time. 
Sonars are limited by the speed o\\ sound, but ofeourseot.tr proximity sensors are only limited 
by * f,«- -,'.i<-i"\ <if hedn « I h> h- v - o . - <»r/ipl<'5e ;? full 4*>0 degree ** .'it. <e sh<- 'Oivsn.oo.t-m quickly 
ws1 bout worrying ahoot adjacent sensors interfering with each other. 

! ;,* ro.ijor di->< d roPa^- '>' <>„r nir,sf-<d proxooU'* -(-1% -(<■{- , % \«- ik,* -'-^., ,»j* $:U'> f s ■* . 

I^i-' d I liJ- JHJ.if - 'b.s' t f> \ '*'< l ! ii«< ! '< <'!;'f*LW' <Ulsk >'A>\<'< < O- > f < >' •s.^pf'O? ,t-s<b- *'?iS 

hgh** r r*d«a«'d ohh<cr^-, hortl^-noof^, S h*- visual uoeb s ^d**end«'d bv ;*j- oh-o;o le also affects 
larger, further away object, 

1mm:p Rari^e Sciinner 



Tbe laser range scanner is the primary sensor nseti as the basis tor intelligent action, it is 
pictured lit figure 8. 

A. 7 u VV H*!o:io \f*»$j hi <-? e oonupfd vertically, A cylindrical lens spreads the beam. 
in''- \ b,o phu;*' vAmh b t'i\fi s <(\ olf a mowabh ?n rfor o? #<f>u' ,r <v*' '$ i.or^*uual -drip*-. 
The mirror scans this stripe downwards to. a range from 10° -above th.e horizontal to 48'' 
below, A i * \) !'.fi«'f'i 'liU ~U2 f pix<>,-> wdbao op<n;-d oroad baud iru< rhu*-'io * hl**u is 
{i S f,tin' * f, <>'\ **- \<\t -,! *b*' ,-s ~r p'jo^oe' ,(b^uf 'iU fb'Air/.ii'h I h- « -'uo^r.s o Ks'-'d on 
its side so thai the normal "horhsontaF' scan .lines run vertically. 



Herbert the Robot 




Figure 8, I v i<* < ' n/h' " ' * ,i'<Iim( * ~< a i • J< p< < ' lit > > 5 oi/ ' -' * ' *> * eve?y 
sereins, A disparity map 2SI> pixels wi<l<?> b:v VI pixels deep, by % hits per pixel b delivered to the 
first LOVR 



I'm; camera runs at 61) Hz providing 30 frames of interlaced odd/even fields every second, 
We ignore the data In odd fields. However, we take tins liehiT vertical synchronization poise 
from the camera and use it to drive a stepper motor which moves the scanning mirror 0,9° 
per step, The laser beaoi is thus deflected 1,8" per step* The stepper motor was chosen to 
he as fast as possible, and. the mass of the mirror was kept as low as possible so that the : 
mob on settles fa. about 7 tx--v\>-e< « *?*- 1 - ^ n-bibnuoo* '*;;>?*!* ion dsn'-n^ the COD's integration 



During the second sixtieth of a. second of a frame we use the even field of the camera 
to provide depth data. At the start of each, camera scan, line we reset a counter which. Is 
then incremented during the scanning of the line using the horizontal pixel clock from the 
camera. We stop the counter when an analog electronics filter and threshold device detects 
the laser beam, in the camera's horizontal scan line (winch, remember, is physically hi the 
vertical direction)- The further away an. object Is, the closer the detected, laser line is to the 
f <o <A \ h<> -,<- >,\) h ** f tv ^ * *■> ' i <. (i - •e* u M * > d f<r < >>< \\ \ * f p> / '* * ,* > i,u s > *> f 
hnage. Every thirtieth of a second therefore a ? e get a 250 wide set of 8 hit disnatbw readme:*. 
These are led through to the first in a. tree of Line Oriented Vision Processors (LOVPs). 
A < o po* P> <b \il'i J o v* i' > < \ * * t * f f , s >> \ > i i>'> *,on. of the 

sheet of laser light. 



jf*-Hx-n «i:< Rof><-« 



h-M* I OVP- , t f" -ln>wfi o* f<L'(*" "'- A UH'P ho-. ?)■«' -arse- -<.<*> aud -aHe- |»;».-— «»f as 
ad ■'■■w aw-.'-? pr<H-f- -j»r </;j,rsU. A MAT ha- ,■} 'ik byw> bailor aud sw<> In^h -»p<'*'d franh'f 
jj-jrlv., | h<- ;d*'>'< 5 - *!m* <-:srh { 0\ j> ds<*fdd odontosis r v y< f - -r- ; j ? j liii«>^ of da^'s !><,??{ r J ^ - - Ja^rr 
-* -«m;> s n-d «'^ * f\ t ]■ jf-t <#•$ h ->* ' f .,., ,. liS \ -duoU ?p<- <)}i\cr <il tin- 5 ho **n1 << s b-> O",- : pi- k f- - < >s 
m -i H;;oo, vdnh- r«'t*Mvjn^ a now -rms bar iV^in it-, .mn pr'-d'-o-^fr. W<> ad^rst^ I l.i:^ 
is* «■;■« h piwb am- b>r row d.-?;* - « r = = i ?hrc<< h>r ;<>oumrorv rc-ohv Tbu- S • 'j.">?> l»v ;-••,, r>r 

u> ih*. vjH.'i^dinji prn*-N-<n. i hi- v. h«»i*» pswf.s- sak**> « * s = i v ! milli<<'<rond ,,nd i- d<ui<< <*h<'" 
<^orv, ;»3 tf :iiiis**<-<>ti* I -». hi the n-nsa>nm£ :>2 mdls-<eeoods, Ho> >- hit }>r<>cs><w>r e;$n >'hv* ■>•:•< s ho 
data to awry out various image processing functions. The LOVPs can. fan out in a tree< 
<'tiahhn;; h-- s<* carry *>u? rrtaus hiuh h*v«>f visbnt luncHou* it's par^ii*»l. 

B< 'ddc- J h** pip<'lbe- in<<m<*rv ;uiA .s^soduti-d lopsp 'o>utpu* p<>r?^*wh I.O\ V \ux- ,\u >■ bis 
parrdh-l |>«»r* compatible vnrb Mio'Mh-r* his pa.ra.lh-s p»rfh used by Herbert . Till* is b<ov \\w 
results of she vHion processing- such as the location of objects, are reported to tin 1 normal 
processors. 



Vtu> \\.\uA d~clf is <<iiiuppi'd wills *% ii!;UiU<>£<>\ww-<>r-, A h<-?v an- roechanir.il o>?:tar? -.vdTch<>- 
on the tips of the two lingers an A a. conventional i4 break hearrr type sensor between the 

\t ;h<> 'mmi ul thf hand ar^ ; ^<- setVa n-d pnjx'soihv -,s-n^jr- dahl.'o s<* Uius*- m^nlU-A c<u 
\ hv $*. 4 h{- «>i ti»;« r.*r>«»j. 1 h*' !**•«**** r'r.jjji ? b^ two -on^ors ar^ ^-r^'-^'d ,-st io -h'i»r*'**s <osd ao-^le^ 
;ji-K>o; M^ d< : i s 'r*-4's fh»vs,jivvard, 1 he- crn^^si s^t;->*>rs a?v ijp^-rah'd in both .u> mU>>--,\>\ ha--*>d 
m<nh:\ Ujie th.e body Ills, are.l a geuruetr'sc ranging mode. The idea is to use she geonieirv 
ot SiV uv%> ^'n-^rs to t«>ll when /tti *jbj«>ff is in Hs<> iMJ«'f^f Ji^jj of thoir 1^',-ju^. \\V do thh-> 
by c hiking whether the kd'l ^onsor can see light emiii etl by th.e right serssor aud vice versa. 



i. Debuggability 



<iti" pj<>;i«-n- *',\|;^n<-it**' wh?; ■* -"/«!' h r<*h*>U had '-t^-wo m- (hat ino-4 * J' tlu» ?s?uo a 
ntor>iifc roh<»r is ^ripped down fr><: nsodifications, and even when operational t.her*> is < 
■>U*>x* invar: i'mm- \n-\\\e*ni n <>?-<-:-.,<; rv repair- atsd tunu>r adju-ssn^ot?;. 

base ot access ai-ni subs.vsten.-. removal b then <jf priuuiry importance We tliereforc- 
moU <-;j|«ihilMh^ a priman ;o>al in bui1*H?sM |j**r!>««ri. All circait boards -^oap <*!$!«> f 
support;-, aial are e.ecessiblc' with rso disasse.roJdy of the robot. All signals to then* a 
-imp;* 5 <.<>so:<vs<;f-. All chips huA 'ithf-r cornjsom'-nt -- <uv uanmlvA In chip sn>c|o-t- , 4 r 
individually removable. All sr^echaaicaJ subsystems, such as the manipulator, laser se 
aud iufr,i?V'i i>r»vjj}ury ^ j u:-or-. r;»s« i»> roff}«»v«'ri in h i ss t h^n 30 N*>cauds wiUsouf u^in^ 

! fif«»Ji;U$ r;ir*'Jul <de>h'^ of r<>nu<-: hu--. and njochansral inffffaf^ s vV<> iiav*- Ijidlt ;s 
wiVr*- irsend adjHN! ?oc-sst - r*>;Pi', , t rc fmhd tu took* 1 . 



given 
a very 

trsade 
lias tic 
re via 
sd <o<- 

rob*e 



§x How Hie Hardware Combines to Support the Mission 



• ifl ' iA - ! ^ s w*'>A* -;*' \:«\<- \m \\'fh*i* ■- \.s t! hi -vv^o-h-r ;<r-^iud «•«»{?*■/{ iriy iii»-*«r«- ■»■ i:*«; t.\ t}t ..\. 
with his foardpuh'.Mjr aud f h^r= hrii^in- fleua ha< k m ;, «' { »u«ral hicals^o, \VV plan ->n doiot 
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\t rl><-r- , i,i\ , f5 H -'-*rh<'s r,,h«.s AH<-u, >;r ->j, • •■■^■vm-u, ■ of fh-rb--^ b*-b>o> * le-v \%«-j -• \\\i'-;rn\> *j 

* First, flerheri wanders around using his body Ills ami light striper to follow walls, 
tr averse corridors, and go through doors, While he is doing this a rough record hs kept 
* »i* t h*» *jf^{;,»<,« h«' dm<- ;si:d ,ue.d<>- h«> inr^ ? s -i sscr lie- vwvh-v:-. <>\\ < h>- b,s-<-, 

* J*-.: <<Udh . <h<- ir^hi -f s f"'? i, 'ed bo- bo c^lb rthm * i|--t:.r!, /t ! ~, ( ; : „ h- j-io <>? f s b* 
li<><*r (is ,-tih'i vvYuMx ibid mimjj nh>vf~. hr<u;> far av>avj, U ben It \\mh- a. bk<'k hy*>;i. Hs<< 

V->\h>\ i\v\Vi'~- \i>\\HVf\ if. 

* On s!i«> w;jv i<» i\- gssnb *is<* \n>i\\ \U:- rfnd, h» mh^-- «-£t«*?:$. Mu- bgfn ^sri|>*T. |c*--s-t* sh*« 

r<»i»;f lr<ati inning anv h;H<rv<-Fung ohs>Ta<- [<«.*. 

* Ulif;! b c;"U < W en<^gh, fh«- hdo *trip'<r «;us b<>o>o obj><ns xnd;d>b< |i»r :/fo-.po:-. It 
'•ouon.-i-ids sh<» arm *'» m«*v«' in *!«»■ ngfu general dir<>ru<*r;, 

* Oh*-?- *b" h;md #-fs. )n tht> viaxi'^% a? the *»bj*-o t«» j,*> ><nop"d, fie- sxvbdi^ed !.„;$! 
■^n^u> i;im- *>v»>r a> nuiiral He- hn<> |j*^is i*>uit;y v <>nbe hand ,«*») the ;u rual «s«'qsn<ds'ii»n 
<d ^ la- ehjiH': , 

* I be firm ;s then retracted and the robot uses the path memory it created while wandering 
n* u,H v- \wl in it- anginal ltH,du>n, At iioun- if d<<poMss the <*hj««n and <n><>s <,-o in 
search of ol fsers. 

The interesting aspect of (his set of behaviors is that no goals or intents are eouirou. united 
internally between thenL Rather the observable state of tlie world and the robot is used, to 
trigger what to do next. 
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